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I. 


INTRODUCTION 


Research  Into  the  effects  of  undersea  submersion  at  depths  to  1,300 
feet  is  the  prime  aim  of  the  Man-in-the-Sea  Project  at  the  University 
of  North  Dakota.  It  is  one  of  the  largest  and  most  advanced  research 
projects  of  its  kind  and  has  the  only  high  pressure  life  laboratory  in 
the  free  world  capable  of  studies  of  the  long-term  effects  of  high  pres- 
sure on  the  reproduction,  nutritional  needs  and  general  health  of  test 
animals . 

Planning  and  experimentation  for  the  UND  Man-in-the-Sea  Project 
have  been  under  way  since  1968.  The  project  research  already  has  pro- 
duced nearly  80  scholarly  papers,  dissertations  and  theses.  It  is  funded 
by  the  U.S.  Office  of  Naval  Research,  and  is  staffed  by  UND  faculty  and 
student  researchers  from  several  academic  disciplines. 

Man-ln-the-Sea  research  deals  with  a broad  spectrum  of  problems 
associated  with  life  under  high  pressure  and  has  wide-ranging  possibil- 
ities for  application.  Knowledge  gained  from  the  research  will  be 
important  in  developing  ways  for  man  to  live  under  the  sea  for  prolonged 
periods  to  recover  the  food  and  energy  resources  found  there. 

The  UND  research  also  promises  to  aid  medicine  by  explaining  the 
reaction  of  the  human  body  to  various  gasses,  bacteria,  drugs  and  other 
substances  under  pressure.  Further  application  of  knowledge  derived 
from  the  project  extends  to  military  and  defense  needs  of  the  country. 

The  Man-ln-the-Sea  project  occupies  a 12-room  suite  in  Upson  Hall 
and  six  laboratories  in  the  Medical  Science  Building.  A contribution 
of  $400,000  by  UND  alumnus  Maxwell  M.  Upson  was  significant  in  the  dev- 
elopment of  Upson  Hall,  which  contains  College  of  Engineering  laboratories 
and  workshops  and  those  for  the  Man-ln-the-Sea  Project.  The  project's 
requirements  were  incorporated  into  the  basic  design  of  Upson  Hall.  Mr. 
Upson,  a New  York  construction  engineer,  has  made  thousands  of  dollars 
in  contributions  to  UND  for  scholarships  and  engineering  construction. 

The  major  component  of  Man-ln-the-Sea  in  Upson  Hall,  the  High  Pres- 
sure Life  Laboratory,  measures  40  feet  long,  20  feet  wide  and  nine  feet 
high  and  consists  of  two  seven-foot  spheres  joined  by  a passageway  with 
a 24-inch  gate  valve.  Each  sphere  is  surrounded  by  seven  18-lnch  ani- 
mal living  chambers  separated  from  the  main  sphere  by  18-inch  gate  valves. 
To  facilitate  prolonged  study  under  constant  pressure,  animals  can  be 
transferred  to  the  spheres  while  the  living  chambers  are  decompressed, 
cleaned  and  resupplied. 

Construction  of  the  test  facility  became  possible  when  the  Office 
of  Naval  Research  made  available  as  Government  Furnished  Equipment  some 
15  pieces  of  machine  tools  and  welding  equipment.  The  ability  of  the 
University  to  machine  and  fabricate  in-house  almost  all  major  components 
saved  several  millions  of  dollars.  In  addition,  items  of  electronic 
systems  and  laboratory  instruments  obtained  from  Government  Surplus  have 
greatly  facilitated  the  research  program. 
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Pressures  of  up  to  40  times  that  experienced  on  the  earth’s  surface 
can  be  maintained  in  the  chamber  complex.  Research  calling  for  ex- 
posure to  high  pressure  for  prolonged  periods  of  up  to  two  years  or 
more  is  planned. 

THE  FACILITIES 

The  High  Pressure  Life  Laboratory  at  the  University  of  North  Dakota 
can  trace  its  conceptual  beginning  back  to  1966  when  a teacher  in  the 
mechanical  engineering  department  needed  a design  project  for  his  senior 
students,  and  a physiologist  in  the  School  of  Medicine  needed  a pressure 
chamber  in  which  to  conduct  research.  Several  members  of  both  depart- 
ments held  a series  of  meetings  to  explore  ways  and  means  of  satisfying 
both  needs.  The  immediate  product  was  a small,  double  pressure  chamber 
capable  of  10  atmospheres  of  pressure  thereby  Initiating  the  first  bio- 
engineering efforts  at  UND. 

The  first  efforts  were  so  fruitful  that  the  group  stayed  together 
and  continued  to  discuss  design  possibilities  and  biomedical  applications 
of  engineering.  This  was  a time  of  mutual  education.  First,  there  were 
two  vocabularies  to  master — that  of  the  engineer  and  that  of  the  medical 
researcher.  Neither  knew  how  to  speak  the  other's  language.  The  first 
year  was  spent  in  learning  what  each  discipline  had  to  offer  the  other. 

About  this  time,  the  United  States  Government  initiated  a program 
called  "Project  Themis,"  designed  to  create  centers  of  excellence  in 
universities  throughout  the  country.  The  North  Dakota  group  felt  it  would 
be  an  excellent  opportunity  to  further  develop  the  initial  rapport  and 
to  develop  such  a center  in  hyperbaric  science.  Additional  members  were 
recruited  from  the  College  of  Engineering  and  the  School  of  Medicine. 

They  submitted  a project  proposal  which  was  unsuccessful.  However,  with 
one  more  year  of  work  and  weekly  meetings,  a second  more  detailed  and 
comprehensive  proposal  earned  approval.  The  Office  of  Naval  Research  was 
designated  the  cognitive  Federal  agency.  Thus  began  the  long  collabora- 
tive efforts  between  UND  and  the  Office  of  Naval  Research  to  develop  the 
High  Pressure  Life  Laboratory. 

The  first  chamber  was  a small  6-inch  diameter  by  16-inch  long  10 
atmosphere  chamber  purchased  from  Bethlehem  Corporation.  The  second  test 
facility  was  built  on  campus  and  consisted  of  two  chambers : a 16-lnch 
diameter  by  24-lnch  long  living  chamber  connected  by  a 4-inch  gate  valve 
to  a 6-lnch  diameter  by  a 12-inch  long  working  chamber.  This  10-atmos- 
phere chamber  was  designed  to  study  the  behavioral  activity  of  rats 
under  long-term  exposure  to  high  pressure.  The  concept  was  to  keep  ani- 
mals at  high  pressure  for  prolonged  periods  of  time,  yet  enable  removal 
of  normal  waste  products  and  resupplying  of  food  and  water.  This  concept 
was  partially  successful  in  the  first  double  chamber.  The  chamber  had 
a gas  cleaning  system  that  operated  at  1 atmosphere,  which  required  that 
the  contaminated  gases  be  reduced  in  pressure  to  1 atmosphere,  scrubbed 
and  cleaned  and  then  recompressed  for  recirculation.  This  proved  to  be 
inefficient  and  animals  could  be  maintained  in  a good  state  of  health 
for  approximately  10  days. 
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The  next  attempt  was  to  build  a larger  chamber,  18  Inches  in  dl^un- 
eter  and  36  Inches  long,  which  was  capable  of  40  atmospheres  pressure. 

It  had  a circulation  system  which  operated  at  high  pressure  throughout 
its  entire  circuit.  Urine  was  removed  from  the  chamber  by  special  lock- 
ing devices,  and  additional  water  could  be  added  as  needed.  However, 

I the  food  supply  for  the  entire  experiment  was  loaded  before  compression. 

! 

Approximately  three  years  went  into  the  design  aspects  of  the  entire 
i facility,  and  for  the  last  two  years  the  construction  and  updating  of  the 

I design  has  taken  place.  It  is  indeed  fortunate  that  the  College  of  Engin- 

eering was  constructing  the  Upson  teaching  and  research  laboratories 
during  this  time  because  the  project's  requirements  were  Incorporated 
I into  the  basic  design  of  the  Upson  Engineering  Building. 

I 

' From  the  experience  gained  in  the  pilot  studies,  it  became  apparent 

I that  the  ideal  facility  should  permit  frequent  resupply  of  food  and  water 

i and  removal  of  waste  products  without  reducing  the  experimental  pressure 

I on  the  animals.  This  would  necessitate  moving  the  animals  to  a clean, 

previously  stocked  chamber.  This  concept  was  pursued  and  has  materialized 
in  the  facility  being  dedicated.  It  consists  of  two  large  7-foot  diameter 
spheres.  Interconnected  by  a 24-lnch  gate  valve.  Each  sphere  serves  as 
the  main  median  lock  for  seven  18- inch  diameter  living  chambers.  Each 
chamber  is  connected  to  the  sphere  by  18- inch  gate  valves.  The  animals 
are  housed  in  individual  cages  on  sleds  that  ride  on  rails  in  each  chamber. 
The  chamber  is  cleaned  by  pulling  the  sled  with  a remotely  controlled 
tractor  onto  a turntable  in  a 7-foot  sphere.  The  turntable  is  then  turned 
to  an  empty  chamber  which  has  been  previously  cleaned  and  supplied  with 
water  and  food,  and  the  sled  moved  into  the  chamber  to  position  the  cages 
in  alignment  with  food  and  water  supplies.  Meanwhile,  the  vacated  chamber 
is  Isolated  from  the  sphere  by  closing  the  18-lnch  valve,  decompressed, 
cleaned  and  resupplied.  After  restoring  the  pressure  and  opening  the  gate 
valve,  it  is  then  ready  to  accept  another  sled  of  animals.  In  this  manner, 
animals  may  be  kept  at  high  pressure  for  Indeterminate  lengths  of  time. 

Except  for  a few  large  items,  the  entire  chamber  complex  was  construct- 
ed on  the  campus  in  the  mechanical  engineering  and  electrical  engineering 
shops.  The  two  7-foot  spheres  were  fabricated  by  the  Columbiana  Boiler 
Company  to  our  design.  The  gate  vavles,  quick-open  doors,  large  gas  stor- 
age tanks,  and  molecular  sieve  towers  were  purchased  from  commercial  sources. 
However,  the  rest  of  the  chambers  and  the  entire  piping  network  were  all 
fabricated  on  campus. 

To  Insure  that  the  animals  survive  in  the  test  environment,  it  is  also 
essential  that  the  following  experimental  parameters  be  accurately  con- 
trolled or  measured:  pressure,  temperature,  oxygen  level,  relative  hum- 
idity and  lighting  cycle.  Since  the  animals  also  produce  gaseous  waste 
products,  the  carbon  dioxide  and  other  contaminants  must  be  removed  from 
the  experimental  environment  otherwise,  the  animals  would  die.  It  is  known 
that  even  the  normal  concentration  of  nitrogen  and  oxygen,  when  compressed 
to  the  desired  experimental  pressures,  becomes  toxic  to  animals.  This 
alone  necessitated  a major  design  consideration,  for  it  required  that  the 
appropriate  concentration  of  oxygen  be  diluted  with  a totally  inert  gas. 
Helium  was  selected  and  constitutes  the  primary  gas  used  in  the  facility. 
Satisfying  these  constraints  resulted  in  the  complex  gas  circulation  and 
cleansing  system. 
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To  be  able  to  determine  whether  any  physiological  changes  talk  place 
and  to  what  extent  also  required  long  periods  of  sustained  exposure  to  the 
high  experimental  pressure.  This  requires  the  capability  to  continuously 
measure  and  control  all  the  parameters  previously  listed.  It  also  re- 
quires that  certain  data  be  taken  from  the  animals  themselves.  This  re- 
quired developing  new  techniques  and  instruments  to  obtain  and  record  the 
data.  To  do  this,  an  IBM  1800  Process  Control  Computer  was  selected. 

Because  many  of  the  processes  that  were  to  be  controlled  by  the 
computer  were  different  from  those  usually  controlled  by  computers,  the 
hardware  that  interprets  the  date  coming  from  the  facility  to  the  computer 
and  the  commands  coming  from  the  computer  back  to  the  facility  had  to  he 
designed  and  constructed  by  our  own  staff.  The  computer  is  now  installed 
and  is  able  to  maintain  the  proper  environment  with  only  minimum  manual 
intervention. 

It  is  estimated  that  such  a facility  constructed  in  industry  would 
cost  approximately  $15  million  to  $20  million,  but  by  developing  and  manu- 
facturing it  on  the  University  campus  and  making  it  part  of  the  overall  I 

research  and  training  of  staff  members  and  graduate  students,  this  pro-  ? 

ject  has  cost  only  approxi  mately  $1.5  million.  More  importantly,  how- 
ever, it  has  afforded  Invaluable  training  for  numerous  graduate  and  under- 
graduate students  in  the  College  of  Engineering  and  graduate  students 
in  the  physiology  and  pharmacology  department  in  the  School  of  Medicine, 
as  well  as  fostering  interdisciplinary  cooperation  between  the  depart- 
ments of  mechanical  engineering,  electrical  engineering,  physiology 
and  pharmocology , psychology  and  microbiology.  This  has  engendered  many 
seminars  and  several  graduate  courses  for  further  training  of  students 
and  staff. 

Nowhere  else  in  the  world  can  studies  on  the  long-term  effects  of 
high  pressure  on  reproduction,  nutritional  needs  and  on  the  general  health 
of  animals  be  undertaken.  Studies  such  as  these,  done  on  expendable 
living  tissues  of  small  animals,  are  Invaluable  in  assessing  the  effects 
of  high  pressure  living  before  man  is  subjected  to  them.  The  High 
Pressure  Life  Laboratory  is  now  ready  to  make  these  experiments. 


During  the  five  years  of  dreaming,  designing  and  building  the  fa- 
cility, the  researchers  were  not  idle.  Using  the  first  chambers,  the 
physiologists  carried  on  research  in  various  areas  of  high  pressure  life 
support,  and  during  this  time  many  graduate  students  received  high  pres- 
sure training  while  pursuing  their  advanced  degrees.  Research  studies 
have  been  completed  in  a variety  of  areas.  The  toxic  effects  of  various 
combinations  of  gases  have  been  studied  on  rats,  mice,  guinea  pigs  and 
chinchillas,  and  the  effects  of  pressure  stress  have  been  assessed  on 
rats.  A series  of  studies  was  completed,  examining  the  stressors  and 
their  effects  during  decompression  upon  brain  wave  patterns,  eye  move- 
ments Induced  by  vertigo  and  the  learning  behavior  of  small  rodents. 

The  nutrition  of  animals  kept  in  the  bizarre  environment  found  in 
hyperbaric  work  has  been  assessed  through  a long  series  of  nutrition 
experiments,  and  the  most  appropriate  temperature  to  bring  the  animals 
to  thermal  neutrality  in  these  bizarre  gas  mixtures  has  been  established. 
Studies  of  the  microbiological  changes  that  take  place  in  this  type  of 
environment  have  begun.  Several  pharmacological  studies  have  been 
carried  out  and  are  continuing,  using  the  small  chambers  that  eventually 
were  incorporated  in  the  main  facility.  Obviously,  the  majority  of  this 
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work  was  done  on  a short-term  (one-to-three  day)  experimental  basis, 
looking  forward  to  the  day  when  animals  can  be  placed  in  the  hyperbaric 
chambers,  to  be  maintained  from  six  weeks  to  two  years  at  pressure. 


CHAMBER  CAPABILITIES 


Pressure  Range 

Ambient  to  1,350  ft.  Sea  Water 
600  Ibs./sq.  in. 
42  kg./sq.  cm. 

42  ATA 


Contaminant  Concentrations ; 
Carbon  Dioxide  CO2 
Carbon  Monoxide  CO 
Ammonia  NH3 
Hydrogen  Sulfide  H2S 
Methane  CH4 


105  -1 
105  -1 
105  -1 
105  -1 
105  -1 


Pressure  Accuracy 
=5%  of  Set  Point 


Lighting 

Variable  diurnal  lighting  cycle 


Pressure  Set  Points 
Two  Independent  pressure  Set 
Points , plus  compression  and 
decompression 


Animal  Accommodation 
Rat  or  Guinea  Pig  Cages: 
Experimental  Control  Cages : 
(2  rats  per  cage  maximum) 


52 

24 


Temperature  Range 
35°  to  122°  F 


1°  to  50°  C 


Rabbit  Cages ; 26 

Experimental  Control  Cages:  12 

(Cages  not  presently  stocked) 


Temperature  Accuracy 
10%  of  Set  Point 


Data  Acquisition 
Automatic : 

1.  Pressure 

2 . Temperature 

3.  Telemetry  to  computer 

a.  Deep  body  temperature 

b . Blood  pressure 


Humidity 

Manual : 

40-100%  - 5% 

1. 

Food  consunqjtlon 

2. 

Water  consumption 

3. 

Urine  production 

4. 

Feces  production 

5. 

Visual  observation 

Gas  Environment 
Diluent : Helium 
Oxygen  Partial  Pressure: 

0 to  760  mm  Hg“20%  of  Set 
Point 

Experiment  Duration 


The  duration  of  the  experiment,  theoretically,  will  be  the  life  cycle  of 
the  test  animals.  However,  major  preventive  maintenance  requirements  will 
limit  any  single  experiment  which  uses  the  entire  facility  to  one  year. 
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II.  SUMMARY  OF  EXPERIMENTAL  FINDINGS 

Metabolic  Studies  ' ' 

The  effect  of  helium  (He)  on  brain  gamma-aminobutyric  acid  (GABA) 
levels  was  studied  In  124  male  and  128  female  mice.  These  mice  were  ex- 
posed to  He-oxygen  (O2)  mixtures  at  either  1 or  60  atmospheres  (atm)  for 
variable  periods  of  time  with  physiologic  O2.  The  mice  were  compressed 
to  60  atm  for  1 min,  12  hrs,  or  24  hrs.  After  decompression,  the  brains 
were  removed  and  GABA  levels  determined.  Significant  Increases  in  GABA 
were  found  in  all  mice  exposed  to  He-02  at  1 atm,  in  males  at  60  atm  for 
1 min,  and  in  both  sexes  at  60  atm  for  24  hrs.  There  was  no  significant 
difference  in  GABA  levels  betv:een  sexes  when  all  groups  were  considered. 
Both  pressure  and  the  He  atm  contribu  ted  to  the  increase  in  GABA. 

Although  the  lung  and  central  nervous  system  effects  of  high  pres- 
sure oxygen  in  a helium-oxygen  (He-02)  breathing  mixture  have  been  in- 
vestigated, there  is  a paucity  of  data  concerning  the  biochemical  effects 
of  the  He  at  high  pressures.  In  the  present  study,  a total  of  320  mice 
were  exposed  for  24  hours  to  20,  40,  or  60  atmospheres  of  He-02,  with 
the  partial  pressure  of  O2  maintained  within  the  physiological  range  of 
150-300  mm.  Hg.  Analysis  of  brain  tissue  following  decompression  showed 
a linear  relationship  between  the  He-02  pressure  and  the  Increase  in 
gamma  amlnobutyric  acid  (GABA)  per  g of  wet  brain.  The  experimental 
mice  showed  no  adverse  effects  correlated  with  the  GABA  Increase;  the 
GABA  may  have  played  a role  in  the  apparently  normal  response  of  the  mice 
to  hyperbaric  stress.  This  study  suggests  that  further  investigation  of 
the  anticonvulsant  properties  of  GABA  might  lead  to  a partial  solution 
of  the  problems  encountered  during  decompression  following  deep-sea  dives. 

The  effects  of  high  pressure  (HP)  helium-oxygen  (He-02)  at  physiolo- 
gic partial  pressure  (P02)  on  levels  of  serum  alkaline  phosphatase  (AP), 
serum  lactic  dehydrogenase  (SLDH) , and  serum  glutamic  oxalacetlc  tran- 
saminase (SGOT)  were  studied  in  174  experimental  and  control  female  Swiss 
Webster,  Strain  C,  mice.  Animals  were  exposed  to  ambient  air  or  He-02 
at  1,  20,  40  or  60  atmospheres  (atm)  for  24  hours.  No  gross  changes  with 
HP  were  observed.  SLDH  and  SGOT  activity  increased  linearly  with  pres- 
sure. There  was  no  change  in  serum  AP.  A slight  but  significant  in- 
crease in  SLDH  and  SGOT  with  He-02  at  1 atm  suggests  that  He  alters  cell 
metabolism  or  membrane  permeability.  Mice  (8)  exposed  to  60  atm  and 
sacrificed  2-5  days  after  decompression  showed  control  levels  of  SLDH 
and  SGOT.  It  is  concluded  that  He  and/or  HP  stress  may  cause  slight  cell 
damage  or  changes  in  metabolism.  The  fact  that  serum  enzyme  increases 
were  modest  and  temporary  suggests  that  similar  He-02  HP  environments 
would  be  satisfactory  for  larger  mammals  and  perhaps  man. 

Nitrogen  (N2)  at  7 atm  is  an  anesthetic.  Helium  (He)  was  substituted 
for  N2  in  the  breathing  mixture.  This  study  was  to  determine  the  effects 
of  He  on  the  hepatic  mammalian  glucose-6-phosphatase  activity.  Ninty- 
five  male  and  81  female  mice  were  exposed  to  He-oxygen  (O2)  mixtures 
varying  from  1 to  60  atm  for  variable  periods  of  time  with  a physiologic 
PO2.  For  each  sex  group,  there  was  an  ambient  air  control  group  of  mice. 
All  N2  was  removed  from  the  chamber  with  He-02  and  compressed  to  60  atm 
with  He  for  1 min,  12  hrs,  and  24  hrs.  Decompression  was  at  a rate  of 
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0.15  aLtn  pti  .airi.  i.i*;,  live::;  were  removed  and  placed  in  0.25  M of 
sucrose  at  0 C.  Clucose-b-ptiosphatase  activity  as  was  then  deter- 
mined. Analysis  of  the  data  showed  a significant  increase  in  the  micro- 
somal glucose-6-phosphatase  activity  in  all  mice.  Glucocorticoid  and/or 
catecholamine  increases  could  have  caused  the  increased  enzyme  activity. 
Hepatic  glucose-6-phosphate  dehydrogenase  activity  was  not  increased. 

It  has  been  noted  by  Hamilton  and  Schaeffer  et  al. , that  there  was 
an  increase  in  carbon  dioxide  (CO2)  tension  in  the  arterial  blood  ^ 

of  divers  even  though  minute  ventilation  seemed  adequate.  Impairment  o^ 
any  one  of  the  several  mechanisms  by  which  CO2  is  transported  to  the  lung 
and  eliminated  from  the  body  would  lead  to  CO2  retention  and  respiratory 
acidosis.  The  rapid  hydration  of  CO2  in  the  tissue  capillaries  by  eryth- 
rocyte carbonic  anhydrase  and  the  reverse  dehydration  in  the  pulmonary 
capillaries  play  a vital  role  in  the  CO2  elimination  from  the  body. 
Therefore,  the  CO2  hydrating  capacity  of  erythrocytes,  measured  as 
carbonic  anhydrase  activity,  was  studied  in  mice  exposed  to  61  atmos- 
pheres (atm)  of  pressure.  Groups  of  mice  were  placed  in  a high  pressure 
(HP)  chamber  for  a period  of  33  hours  (hrs)  at  either  1 or  61  atm  of 
pressure.  The  oxygen  (O2)  level  in  the  chamber  was  maintained  within  the 
physiologic  limits  ranging  from  150-350  mm.  Hg  pressure.  The  maximal 
pressure  was  obtained  principally  by  use  of  helium  (He).  Control  animals 
were  those  taken  directly  from  the  laboratory  cages.  The  mice  exposed  to 
61  atm  were  compressed  at  0.5  atm  per  minute  (min)  and  were  decompressed 
at  0.16  atm  per  min.  Blood  samples  were  collected  by  decapitation,  and 
carbonic  anhydrase  activity  of  the  erythrocytes  was  determined.  No  sig- 
nificant change  was  detected  in  the  activity  of  the  enzyme.  It  was 
concluded  by  extrapolation  that  men  working  in  the  sea  under  similar  con- 
ditions would  not  significantly  retain  CO2  because  of  an  irreversibly  de- 
pressed function  of  erythrocyte  carbonic  anhydrase. 

DRUG  STUDIES 

The  effects  of  helium-oxygen  (He-02)  environments  were  observed  upon 
the  pharmacological  actions  of  morphine  in  male  albino  rats  given  100 
mg/kg  of  body  weight.  Measurements  of  8-h  urine  volumes  revealed  that 
animals  maintained  in  ambient  air  and  He-02  at  1 ATA  exhibited  a marked 
antidiuresis.  Animals  exposed  to  He-0  at  11  ATA  showed  a normal  urine 
flow  when  compared  with  ambient  air  controls.  Uninjected  rats  main- 
tained in  He-02  at  11  ATA  showed  a marked  diuresis.  The  study  also  in- 
cluded experiments  to  determine  whether  the  excretion  of  free  morphine  is 
altered  in  He-02  environments,  and  whether  the  analgestic  effect  of  the 
drug  is  changed  due  to  He-02  environments.  Exposure  to  He-02  at  21  ATA 
was  included  in  these  studies.  Significant  decreases  were  noted  in  the 
excretion  of  free  morphine  during  a 24-h  period  in  those  animals  exposed 
to  11  and  21  ATA,  although  no  difference  was  observed  in  the  groups 
maintained  at  1 ATA.  Pressure  was  also  shown  to  decrease  the  pain 
threshold  in  both  uninjected  and  Injected  animals  maintained  at  11  and  21 
ATA.  The  results  indicate  that  the  metabolism  of  morphine  may  be  stim- 
ulated due  to  the  effects  of  pressure. 

Changes  in  blood  constituents  in  rats  exposed  to  He-02  at  1 ATA  and 
11  ATA  after  administration  of  morphine  (100  mg/kg)  are  reported.  In- 
jected animals  are  compared  with  controls  (non- injected)  in  ambient  air 
and  animals  subjected  to  He-02  ^ ATA.  Temperature  of  the 

chamber  was  controlled  and  O2  partial  pressure  and  CO2  levels  were  main- 
tained at  standard  conditions.  After  morphine  injection  the  rats  were 
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i pressurised  and  maintained  for  4 h before  deconq>re8slon,  at  which  time 

I additional  blood  samples  were  obtained.  Morphine- injected  animals  in 

aiid>lent  air  showed  significant  decreases  in  hematocrit,  MCV,  glucose, 
and  protein  in  the  blood  while  showing  an  Increase  in  the  leukocyte 
count  £ihd  blood  potassium.  Noninjected  animals  maintained  in  He-02 
at  1 ATA  and  11  ATA  showed  no  deviation  from  ambient  air  control  animals. 
Injected  animals  in  He-02  at  1 ATA  showed  no  changes  from  those  in 
ambient  air,  but  animals  Injected  and  exposed  to  11  ATA  did  not  have  a 
decreased  serum  protein  level  or  an  Increase  in  potassium. 

Seventy-two  young  male  Sprague-Dawley  rats  were  fed  either  an 
aspirin-supplemented  diet  or  a similar  diet  without  aspirin.  Preliminary 
studies  indicated  that  an  oral  dose  of  aspirin,  in  the  form  of  1%  of  the 
diet,  was  sufficient  to  induce  the  desired  gastro-intestlnal  bleeding. 

These  animals  were  further  treated  to  controlled  environmental  exposures. 

Of  the  36  rats  fed  the  aspirin-supplemented  diet , 12  rats  were  exposed  to 
an  ambient  environment  of  1 ATA  with  room  air  (p02  159  mm  Hg)  at  a temp- 
erature of  28.0-29.0°C;  12  rats  were  exposed  to  an  environment  of  11  ATA 
with  a He-02  gaseous  mixture  (p02  200  i 15  mm  Hg)  at  a temperature  of 
32.0-32. 8°C;  and  12  rats  were  exposed  to  an  environment  of  1 ATA  with 
a He-02  S^seous  mixture  (p02  200  i 15  mm  Hg)  at  a temperature  of  30.0- 
30.6°C,  to  account  for  the  possible  influences  of  He-02  alone.  The  variance 
in  environmental  temperature  was  utilized  to  eliminate  the  theirmal  con- 
ductive influence  of  helium,  in  accordance  with  the  recommendations  of 
Stetzner  and  De  Boer.  In  all  environments,  the  pC02  was  held  at  less  than 
7.6  mm  Hg,  and  the  relative  humidity  was  maintained  at  less  than  40%.  A 
similar  protocol  was  carried  out  for  the  36  rats  fed  the  non-aspirin- 
supplemented  diet.  At  the  end  of  one,  two,  and  three  weeks  of  exposure, 
four  rats  were  removed  from  each  experimental  condition.  At  these  times, 
blood  samples  were  collected  by  cardiac  puncture  and  were  measured  for 
blood  salicylate  levels  by  the  method  of  Trinder.  In  addition,  several 
fecal  samples,  as  well  as  colonic  contents,  of  each  animal  were  measured 
by  the  Benzidine  test  for  the  presence  of  blood. 

Among  the  animals  fed  the  aspirin-supplemented  diet,  the  mean  blood 
salicylate  levels  did  not  differ  significantly  from  one  environmental 
exposure  to  another,  nor  did  they  differ  significantly  after  one,  two,  or 
three  weeks  of  exposure  (P  - 0.05).  Therefore,  the  degree  of  aspirin-induced 
gastro-intestlnal  bleeding  should  not  differ  from  one  experimental  con- 
dition to  another,  based  on  blood  salicylate  levels,  unless  some  other 
factor  is  intervening.  Although  the  non-aspirin-fed  animals  demonstrated 
intestinal  tract  bleeding,  the  degree  of  bleeding  was  significantly  greater 
for  the  aspirin-fed  animals  (P  1 0.05).  However,  the  Intestinal  tract 
bleeding  was  significantly  reduced  in  the  aspirin-fed  animals  exposed  to 
the  11  ATA  He-02  environment. 

The  results  indicate  that  an  environment  of  He-02  protection 

against  gastro-lntestinal  bleeding  Induced  by  aspirin  administration.  This 
effect  may  indicate  hyperbaric-induced  Inhibition  of  gastric  acid  secre- 
tion, since  the  prevailing  concept  for  aspirin-induced  gastro-lntestinal 
bleeding  involves  the  presence  of  an  acid  medium. 

ENDOCRINE  STUDIES 

The  effects  of  long-term  hyperbaric  exposure  on  endocrine  organ  weights 
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aud  histology  and  on  epiphyseal-plate  width  were  studied  In  growing  male 
rats.  Six  groups  of  rats  were  exposed  to  21  ATA  He-02  (200  mmHg  O2),  and 
six  groups  were  maintained  at  1 ATA  as  room-air  controls.  Each  group  con- 
tained eight  rats.  At  Intervals  of  2,  3,  5,  8,  10,  and  12  weeks,  one 
group  was  decompressed  and  studied  along  with  a paired  control  group.  Re- 
sults Indicated  no  changes  In  pituitary  and  adrenal  gland  weights.  Testis 
weights  were  variable  but  histology  and  sperm  content  were  normal.  Only 
the  accessory  sex  organs  decreased  significantly  In  weight;  however,  prostate 
and  seminal  vesicle  histology  were  normal.  Tlblal  epiphyseal-plate  width 
was  reduced  In  21-ATA  groups.  These  results  suggest  that  long-term  hyperbaric 
exposure  has  little  effect  on  endocrine  organs  of  the  rat  and  observed 
weight  changes  are  probably  related  to  the  reduced  body  weights. 

Urinary  excretion  of  adrenal  cortical  hormones  was  used  as  an  Index  of  stress 
In  laboratory  rats  and  guinea  pigs.  Experiments  were  conducted  on  two 
strains  of  adult  male  rats  (Sprague-Dawley , and  Holtzman,  255-400  gm) 
jind  English  short  hair  guinea  pigs  (400-600  gm) . Twenty-four  hour  urine 
samples  were  collected  during  control  periods  In  room  air  (1  ATA)  and 
during  exposure  to  He-02  (80-20%  at  1 ATA) . The  animals  were  then  ex- 
posed to  He-02  mixtures  at  5,  10,  20,  and  30  ATA  for  14  hours  and  were 
then  staged  decompressed.  The  partial  pressure  of  O2  was  kept  between  150- 
275  mmHg  during  experimental  periods.  Food  and  water  were  available  ad 
11b.  and  chamber  temperature  was  maintained  within  the  He-02  comfort 
zone  (29-30°C,  1 ATA).  Unconjugated  urinary  corticosterone  or  cortisol, 
expressed  as  ug/24  hr.  sample  was  analyzed  fluorometrlcally . Increase 
pressure  showed  Increased  glucocorticoid  excretion  In  both  rats  and 
guinea  pigs.  Excretion  values  of  corticosterone  obtained  from  rats  were 
1.64  ± 0.25;  2.25  ± 0.48;  1.87  ± 0.31;  and  2.71  ± 0.31  at  5,  10,  20  and 
30  ATA,  He-02.  Increases  In  cortisol  excretion  of  21,  24,  48,  and  54%, 
respectively,  were  obtained  from  guinea  pigs.  Statistically  significant 
differences  were  found  between  N2-O2  and  He-02  control  samples  In  rats  but 
not  In  guinea  pigs.  Six  hour  guinea  pig  samples  taken  throughout  the  24 
hour  cycle  Indicated  that  the  greatest  excretion  was  during  the  decom- 
pression phase. 


The  excretion  rate  of  unconjugated  urinary  corticosterone  collected 
from  male  Sprague-Dawley  rats  (250-400  gm)  was  used  as  an  Index  of  stress. 
Twenty-four-hour  urine  samples  were  collected  during  control  periods  In 
room  air  (N2-O2)  and  during  exposure  to  a mixture  (80-20%)  of  helium- 
oxygen  (He-02)  at  1 atmosphere  absolute  (ATA).  The  animals  were  then  ex- 
posed to  He-02  mixtures  at  5,  10,  20,  or  30  ATA  for  14  hours  and  then 
stage  decompressed.  Food  and  water  were  available  ad  11b.,  and  chamber 
temperature  was  maintained  at  30  * 0.5°C  at  1 ATA  He-02.  Chamber  temp- 
erature was  Increased  with  pressure  up  to  33°  C at  30  ATA  He-02.  Uncon- 
jugated urinary  corticosterone  was  analyzed  fluorometrlcally  and  expressed 
as  ng/100  gm  body  weight /24  hours.  Statistically  significant  Increases 
In  corticosterone  excretion  rates  were  found  In  He-02  control  samples 
above  those  excretion  rates  collected  In  N2**02  samples.  Excretion  values 
of  corticosterone  were  Increased  as  much  as  three-fold  over  basal  values 
upon  exposure  to  pressure.  Urine  volume  and  creatinine  excretion  both 
showed  general  Increases  with  a change  to  He-02  and  to  Increased  pressures. 
Loss  of  body  weight  was  observed  with  pressures  greater  than  5 ATA  He-02. 
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Fast  Fourier  transform  (FFT)  analysis  was  performed  on  levels  of 
11-hydroxycortlcosteroids  (11-OHCS)  In  urinary  samples  collected  from 
laboratory  rats.  The  control  animals  were  exposed  to  ambient  conditions. 
The  experimental  animals  were  exposed  In  an  experimental  pressure  chamber 
to  20  atmospheres  absolute  of  helium  and  oxygen  (20  ata  He'^2)*  Four 
6-hr  urine  samples  were  obtained  dally  and  analyzed  for  the  free  11-OHCS 
content  according  to  the  method  of  Mattingly.  The  animals  were  given  food 
and  water  ad  libitum.  Marked  Increases  were  noted  In  the  excretion  rates 
of  the  animals  subjected  to  the  20  ata  He-02  pressure.  Using  the  FFT 
to  calculate  the  modified  power  spectrum,  a change  In  periodicity  from  a 
diurnal  24-hr  cycle  to  one  of  28.4  hrs  was  obtained. 


BONE  STUDIES 


Bone  growth  and  composition  were  studied  In  growing  rats  following 
I continuous  long-term  hyperbaric  exposure.  Six  groups  of  eight  rats  each 

were  maintained  at  21  ATA  He-02  (200  mm  Hg02)  and  six  groups  were  kept 
I In  simulated  test  chambers  under  room-air  conditions.  One  group  each  of 

pressurized  and  control  animals  were  removed  and  analyzed  after  2,  3,  5, 

8,  10,  and  12  weeks.  Each  animal  was  weighed  and  sacrificed.  One  femur 
j was  removed  for  fresh,  dry,  ash,  and  matrix  weight  measurement  and  de- 

I termination  of  calcium  and  phosphorus  content.  The  pressurized  animals 

I showed  a significant  reduction  In  body-weight  gain  after  each  exposure 

I period.  Femurs  from  pressurized  animals  weighed  less  than  controls  but 

j had  significantly  greater  femur /body  weight  percentages.  Calcium  and 

I phosphorus  content  was  normal  and  the  ratio  of  matrix  to  mineral  was 

I unchanged.  Results  suggest  that  pressurized  animals  had  accelerated 

metabolic  rates  and  Inadequate  caloric  Intake.  However,  measurements  of 
bone  mineral  and  matrix  content  Indicate  the  skeleton  develops  normally 
under  hyperbaric  conditions. 

Young  male  rats  were  exposed  to  repeated  hellox  dives  and  analyzed 
for  skeletal  alterations.  Animals  were  exposed  1.  3,  5,  or  7 times  to 
either  1 ATA  He-02  12.5  h,  or  to  5 ATA  He-02  for  4 h and  a 8.5  h 

decompression,  or  to  5 ATA  He-02  for  4 h and  a 1.5  h decompression.  In 
a separate  study,  30  rats  were  exposed  6 times  to  5 ATA  He-02 
ploslvely  decompressed.  Animals  were  sacrificed  20  d after  the  last  dive. 
There  were  no  significant  changes  In  femur  wet  weight,  density,  ash  weight, 
length,  or  mineral  content.  Plasma  calcium,  phosphorus,  and  alkaline 
phosphatase  remained  normal.  Eighteen  of  30  animals  survived  the  six 
explosive  decompressions;  however,  there  were  no  significant  changes  In 
bone.  These  results  Indicate  that  the  number  and  rate  of  decompressions 
used  In  this  study  have  no  lasting  effect  on  bone  growth  and  mineral 
composition  In  the  rat. 

NUTRITION  STUDIES 

The  effect  of  helium  and  oxygen  at  ambient  and  21  atmospheres  abso- 
lute (ATA)  upon  feed  digestibility  and  utilization  was  studied.  Three 
groups  of  growing  male  guinea  pigs  were  fed  Rled-Brlggs  diet  and  subjected 
to  environments  of  air  and  helium-oxygen  at  ambient  pressures  and  helium- 
oxygen  at  21  ATA.  Substituting  helium  for  atmospheric  nitrogen  at  ambient 
pressures  did  not  affect  feed  consumption,  digestibility,  or  growth. 

When  subjected  to  21  ATA,  the  guinea  pigs  ate  30Z  less  dry  matter  and 
grew  137%  slower  than  at  ambient  pressure  conditions.  Thus,  the  efficiency 
of  feed  utilization  was  suppressed  151%.  The  apparent  digestibility  of 
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dry  matter,  protein,  fat,  carbohydrates,  and  mim^rals  was  unaffected  by 
the  elevated  environmental  conditions.  Heat  loss  and  other  non-defined 
stresses  associated  with  pressure  or  helium  and  oxygen  at  elevated  pres- 
sure were  responsible  for  halting  growth  and  depleting  body  tissues. 

A 24-d  growth  study  was  conducted  on  rats  exposed  to  ambient  air, 

11  ATA  He-02  or  21  ATA  He-C2  conditions.  The  rats  were  fed  either  a standard 
diet  or  the  standard  diet  supplemented  with  25,  50,  or  100%  increase  of 
all  vitamins,  or  the  last  with  an  additional  50  or  100%  increase  of 
casein.  Fat,  as  cod  liver  oil,  was  increased  0.5,  1.0,  or  2.0%  of  the  diet 
as  the  vitamins  were  Increased.  The  vitamin  and  fat-supplemented  diets, 
with  or  without  supplemental  casein,  were  adequate  to  support  normal 
growth  of  the  rats  exposed  to  11  ATA  but  not  21  ATA  He-02  conditions.  Urine 
excretion  and  water  consumption  were  closely  related  and  varied  in  accord- 
ance with  the  adequacy  of  the  diet.  Feed  digestibility  was  not  a limiting 
factor  in  determining  the  growth  of  the  rats  under  the  three  environments. 

The  composition  of  the  rat  carcasses  varied  minimally. 

A growth  study  was  conducted  of  rats  continuously  exposed  for  4 weeks 
to  ambient  air,  1 ATA  He-02  or  11  ATA  He-O-  conditions  and  fed  one  of 
16  diets.  The  diets  were  the  standard  diet  alone  (adequate  according 
to  National  Research  Council  Standards);  the  standard  diet  with  additional 
casein  (50%),  fat  (25%),  and  all  vitamins  (25%);  or  the  standard  diet 
with  all  vitamins  (25%),  or  all  vitamins  Increased  (25%)  except  one, 
which  was  supplied  at  the  standard  level.  The  standard  diet  was  inade- 
quate to  support  a normal  rate  of  growth  when  fed  under  11  ATA  He-02 
conditions.  Supplemental  casein,  fat,  and  vitamins  or  all  vitamins 
alone  adequately  provided  nutrients  necessary  for  a normal  rate  of  growth 
by  hyperbaric  exposed  rats.  The  standard  levels  of  thiamine,  pantothenic 
acid,  biotin,  and  vitamin  K were  inadequate  and  the  standard  levels  of 
niacin,  and  vitamins  A,  D,  and  E were  marginal  in  supporting  growth 
when  fed  under  hyperbaric  conditions. 

Exposure  to  hyperbaric-hyperoxic  environments  has  been  reported  to 
alter  body  weight.  Growing  guinea  pigs  were  exposed  to  20  and  40  ATA 
with  p02  levels  of  200  and  600  mm  Hg  for  2,  4,  and  6 days,  and  compared 
with  air  controls.  Body  weight  and  individual  tissue  water  content  were 
recorded  for  each  animal.  The  control  group  of  animals  averaged  gains 
in  body  weight,  while  the  treated  animals  all  lost  weight.  The  life  span 
adrenal  glands  of  the  treated  animals  showed  alterations  in  water  content 
after  treatment , while  the  same  treatment  did  not  alter  the  water  content 
in  skin,  muscle,  bone,  brain,  blood,  and  heart. 

THERMAL  STUDIES 

Changes  in  temperature,  heart  rate,  and  respiration  rate  were  re- 
corded for  control  rats  at  1 ATA  in  air  at  76°  F or  He-02  at  86°  F,  and 
for  experimental  animals  in  He-02  at  86°  during  compression  to  41  ATA, 
maintenance  at  this  pressure  for  4 hours,  and  decompression.  Comparisons 
showed  that  surface,  subcutaneous,  and  rectal  temperatures  decreased 
during  compression  but  returned  to  normal  upon  decompression.  Heart  rate, 
respiration  rate,  O2  consumption  increased  during  exposure  and  returned 
to  normal  levels  when  the  animals  were  decompressed.  In  a second  exper- 
imental group,  core  temperature  was  maintained  at  the  control  level  by 
increasing  the  chamber  temperature  to  approximately  94°  F during  compress- 
ion, maintaining  it  at  this  level  during  exposure  to  41  ATA,  and  decreasing 
the  chamber  temperature  during  decompression.  When  the  precompression 
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core  temperature  was  maintained,  other  temperature  parameters,  heart  and 
respiratory  rates,  and  oxygen  consumption  remained  at  control  levels. 

Weight  Increase  for  rats  In  He-02  at  1 ATA  was  less  than  for  the  air  con- 
trols. Rats  exposed  to  41  ATA  with  variable  chamber  temperature  lost 
weight  during  the  experiment,  but  less  than  those  maintained  at  86° 
during  exposure  to  41  ATA. 

RED  CELL  FRAGILITY 

Recent  observations  on  human  red  blood  cells  subjected  to  two  and 
three  atmospheres  of  pressure  Indicate  an  alteration,  either  mechanical 
or  chemical,  within  the  RBC,  leading  to  distortion  and  hemolysis.  The 
hemolysis,  checked  by  the  RBC  fragility  test  with  hypotonic  saline.  Is 
apparently  concomitant  with  the  degree  of  pressure  used  and  more  spec- 
ifically with  the  gaseous  composition  of  the  atmosphere. 

This  preliminary  study  using  dog  blood  Is  concerned  with  quantita- 
tive and  qualitative  dog  RBC  changes  at  0 pslg  (1  atm.),  68  pslg  (5  atm.), 
and  135  pslg  (10  atm.),  using  90%  helium  and  10%  ambient  atmosphere  mls- 
tures.  Results  on  RBC  subjected  to  the  above  respective  pressures  for 
predetermined  times  and  drawn  from  the  chamber  have  shown  that  Increased 
helium  pressures  make  dog  RBC  susceptible  to  hemolysis  when  placed  In 
NaCl  solutions  ranging  from  0.50%  to  0.28%  concentration.  Observations 
have  shown  that  a shift  of  the  normal  range  curve  occurs  at  higher  than 
atmospheric  pressures  under  the  Influence  of  hyperbaric  helium.  However, 
the  exact  nature  of  the  cause  for  hemolysis  changes  Is  not  understood. 

NYSTAGMUS 

Post-rotatory  electronystagmograms  were  recorded  from  11  adult 
male  guinea  pigs  exposed  to  room  air,  1 ATA  helium  and  oxygen  (He-02), 

10  ATA  He-02,  and  during  decompressions  at  one  of  six  different  decom- 
pression rates  (0.04,  0.06, 0.08, 0.10, 0.12, and  0.15  ATA/mln).  Records  were 
analyzed  for  total  munber  of  beats,  duration,  and  frequency.  All  eye 
movements  were  monitored  to  determine  the  occurrence  of  spontaneous 
nystagmus.  Statistically  significant  alterations  In  the  parameters  measured 
were  evident  only  during  decompression  find  became  more  frequent  during 
rapid  decompression.  Spontaneous  nystagmus  was  nonexistent  during  hyper- 
barla  and  slow  decompression  but  was  present  In  all  animals  exposed  to 
rapid  decompression. 

EFFECTS  OF  VARIOUS  GASES 

Rectal  temperature  (R.T.),  heart  rate  (H.R.)  and  respiration  rate 
(R.R.)  were  recorded  for  control  rats  at  36  psl  (absolute)  N2-O2  and  for 
experimental  nitrous  oxide  (N2O)  groups  with  dilutions  of  7,  14,  and  21 
psl.  (Total  exposure  at  36  psl  was  4 hours,  and  chamber  temperature  was 
86°  F. ) R.T.  showed  little  change.  Slight  Increases  In  H.R.  occurred 
with  7 and  14  psl  N2O  and  were  maximal  with  21  psl.  There  was  no  diff- 
erence In  R.R.  and  / psl,  but  significant  Increases  at  both  14  and  21  psl. 

O2  consumption  showed  Increases  of  20%  at  7 and  40%  at  14  psl  but  little 
change  at  21  pal.  A slight  Increase  in  activity  was  observed  at  7 psl. 

A decrease  in  coordination  and  an  Increase  In  Irregular  bursts  of  activity 
were  observed  throughout  the  four  hours  of  exposure  at  14  psl.  Animals 
subjected  to  21  psl  N2O  were  anesthetized  (AD.qq).  All  animals  recovered 
rapidly  upon  removal  of  the  N2O  by  decompression  and  flushing  with  N2-O2. 
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I Male  Sprague-Dawley  rats  were  exposed  to  13  or  26  Ata  N2  or  He 

I I In  10,  8,  5,  3,  and  2 Ata  O2  (Series  I),  or  26  Ata  Inert  gas  with  0,  25, 

! 50,  75,  and  100%  In  N2  In  3 ATA  O2  and  with  He  as  a diluent  (Series  II). 

Rat  tolerance  was  measured  by  observing  each  group's  LD-inQ,  and  lung  damage 
was  measured  by  drying  the  rat  lungs  to  obtain  total  water  values.  The 
present  Series  I experiments  have  demonstrated  conclusively  that  an  O2- 
Inert  gas  synergism  occurs  in  rats  In  a hyperbaric  environment,  and  that 
in  rats  this  synergistic  effect  is  caused  by  O2-N2  and  also  by  02-He. 

The  synergistic  effect  of  He  is  unexpected  In  view  of  Its  narcotic  po- 
tency. Lung  damage  In  the  .13  Ata  N2  aud  He  exposed  animals  Increased 
at  the  higher  O2  pressures,  but  the  lung  damage  of  the  26  Ata  M2  and  He 
exposed  animals  was  not  different  from  O2  control  values  at  the  higher 
O2  pressures.  Series  II  results  indicate  a gas  density  dependence  on  rat 
survival  In  26  Ata  N2-He  mixtures  In  3 Ata  O2:  as  the  N2  concentration  was 
increased,  rat  survival  time  decreased  linearly.  At  the  Increased  N2 
concentration,  lung  damage  Increased  progressively. 

Male  Swiss  Webster  mice,  weighing  25  gms,  were  exposed  to  oxygen 
from  11  to  2 ATA.  At  least  two  groups  of  ten  mice  were  poisoned  by 
oxygen  at  each  pressure  to  establish  an  LD^qo*  Decompression,  followed 
by  lung  water  measurement,  was  accomplished  immediately  after  obtaining 
each  LDj^qq.  A second  series  of  oxygen  exposures  was  performed  on  an 
equal  r^umber  of  mice  pretreated  with  30  mgm/kg  sodium  pentobarbital.  The 
two  functions  of  mean  survival  times  versus  oxygen  (11  to  2 ATA)  were 
exponential  and  not  significantly  separated.  The  death  times  for  mice 
given  sodium  pentobarbital  were  shorter  than  nontreated  animals  at  oxygen 
pressures  below  5 ATA.  Respiratory  depression  coupled  with  lung  failure 
Is  an  explanation  for  this  finding.  Lung  water  In  non-treated  and  sodium 
pentobarbital-treated  animals  was  significantly  elevated  (P  *s  .001)  In  all 
oxygen  exposures  above  control  values.  At  6 and  7 ATA,  there  was  a sig- 
nificant difference  In  lung  water  content  between  normal  and  sodium 
pentobarbital  pretreated  mice  exposed  to  oxygen. 

Males  and  females  of  Chinchilla  lanlger  were  weighed  (average  448g) , 
sorted  Into  mixed  groups,  and  subjected  to  hypoxic  or  hyperoxic  conditions 
in  a pressure  chamber  previously  described.  Guinea  pigs  (average  weight 
1180  g)  of  both  sexes  were  exposed  to  the  same  conditions. 

When  subjected  to  progressive  hypoxia,  the  chinchilla  survived 
longer  and  at  lower  PO2  levels  than  did  guinea  pigs  of  about  the  same 
size.  Possibly  the  smaller  but  more  numerous  red  blood  cells  In  the 
chinchillas  accounted  for  their  greater  tolerance  to  hypoxia.  In  hyperoxic 
exposures,  no  differences  In  survival  times  were  found  In  the  two  species. 
Fluid  shifts  from  blood  to  lungs  were  Indicated  by  the  rise  In  Hct  and 
lung  weight  Increases  In  both  groups  of  animals. 

Lungs  from  adult  guinea  pigs  exposed  to  1 ATA  He-0-  with  200  mm 
and  20  ATA  He-02  with  200,  400,  and  600  mm  HgPQ2  were  studied 
scanning  electron  microscopy.  The  appearance  of  normal  alveoli  Is 
described.  Even  before  pulmonary  O2  toxicity  became  symptomatic,  subtle 
changes  occurred  in  the  alveoli,  such  as  an  Increase  In  macrophages  and  a 
marked  Increase  In  length  of  alveolar  type-II  cell  microvilli.  These 
changes  occurred  In  animals  exposed  to  400  mm  HgPg2,  heretofore  considered 
below  toxic  levels.  With  Increased  toxic  Involvement,  the  number  of 
alveolar  type-II  cells  In  creased.  A thick  layer  of  material  appeared  In 
some  of  the  alveoli,  obscuring  the  Kohns  pores  and  type-I  and  -II  cell  sur- 
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faces.  The  alveolar-capillary  network  with  underlying  erythrocytes  was 
no  longer  observable.  Lungs  with  the  greatest  toxic  Involvement  possessed 
large  numbers  of  macrophages  encompassed  by  a flbrin-like  matrix.  The 
alveolar  walls  were  broken  down  In  many  Instances,  and  the  alveoli  were  no 
longer'discrete  units  but  took  on  the  appearance  of  an  amorphous  mass 
of  lung  tissue. 

It  Is  well  known  that  sympathetic  stimulation,  head  Injury,  and 
hyperbarlc-hyperoxic  exposure  produce  pulmonary  edema  which  can  be  altered 
by  catecholamine  blockade.  Less  well  understood  are  the  mlcrostructural 
changes  involved  in  the  lung  alveoli  during  these  processes.  The  ultra- 
structure of  guinea  pig  lungs  was  examined,  using  both  SEM  and  TEM  to 
assess  the  protective  action  of  both  blockade  and  depletion  of  catechol- 
amines upon  the  alveolar  alterations  Induced  by  hyperbarlc-hyperoxic  envi- 
ronments. Guinea  pigs  were  exposed  to  three  environments  (1  ATA  air; 

1 ATA  hellox,  p02=500  mm  Hg;  and  20  ATA  behlox,  p02“500  mm  Hg)  for  periods 
of  2,  A,  and  6 days.  The  animals  were  decompressed,  anesthetized,  and 
had  the  trachea  cannulated.  The  lungs  were  perfused  with  glutaraldehyde 
for  A hrs  and  then  prepared  for  SEM  or  TEM.  Non-drug  treated  animals 
exposed  to  hyperoxlc  conditions  had  alveoli  engorged  with  macrophages  and 
fibrin,  and  the  lungs  appeared  grossly  liverlike  at  6 days.  Reserpine- 
Induced  depletion  rendered  protection  but  severly  dehydrated  the  animals. 
Dlbenzyllne  blockade  ameliorated  the  condition  somewhat,  but  alveolar 
thickening  was  still  present. 

Six-day  exposure  of  guinea  pigs  to  a 20  ATA  He-O^  environment  con- 
taining 500  mm  Hg  O2  will  produce  death  In  25%  of  the  animals  and  pulmonary 
congestion  and  edema  In  the  rest.  SEM  clearly  show  that  the  alveoli  of  the 
effected  animals  are  engorged  with  macrophages  and  fibrin,  and  the  lungs 
grossly  appear  hepatic.  The  lung  welght/body  weight  ratios  and  wet/dry 
lung  ratios  are  Increased.  Reserplne- Induced  catecholamine  depletion  prior 
to  and  during  exposure  significantly  decreased  these  effects.  Compliance 
measurements  on  lungs  of  animals  exposed  to  hyperoxlc-hyperbarlc  conditions 
decreased  significantly  while  reserplne  treatment  restored  the  compliance 
to  normal  or  slightly  above  normal  levels.  Total  lung  protein,  cholesterol 
levels  and  lung  weight  are  Increased.  Reserplne  and  dlbenzyllne  Induced 
sympathetic  blockade  prior  to  and  during  exposure  significantly  decreases 
these  effects,  but  potentiates  lung  wet  and  dry  weight  Increases.  At 
the  same  time  body  weight  Is  decreased  In  animals  exposed  to  hyperoxlc- 
hyperbarlc  conditions.  These  results  Indicate  the  involvement  of  the  sympa- 
thetic nervous  system  In  the  development  of  hyperoxlc-hyperbarlc  Induced 
pulmonary  oxygen  poisoning  at  subconvulslve  oxygen  tensions. 

Lung  c-AMP  has  been  shown  to  rise  significantly  (five  fold)  In 
lungs  treated  with  epinephrine  (Palmer,  G.C.  Blochem.  Blsphys.  Actas, 

252:  561,  1971).  Measurements  of  c-AMP  from  lungs  of  guinea  pigs  exposed 
for  6 days  to  1 ATA  or  20  ATA  He-0')'  environment  containing  500  mm/Hg 
(which  produces  pulmonary  congestion  and  edema  as  verified  by  lung  weight 
ratio  and  transmission  electron  microscopy  and  scanning  electron  microscopy) 
Increased  slightly,  1.5  pmole  c-AMP/mg  protein  to  3.7  pmole  c-AMP/mg 
protein.  This  Increase  was  reversed  when  the  animals  were  pretreated  with 
reserplne  or  dlbenzyllne.  These  results  have  provided  evidence  that 
catecholamines  play  a role  In  pulmonary  congestion  Induced  by  hyperoxlc- 
hyperbarlc  environment  and  such  an  effect  Is  presumably  not  achieved  through 
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the  nuidiation  of  c-AMP. 

White  single-comb  Leghorn  eggs  were  incubated  in  a pressure 
chamber  for  10-day  periods  at  either  10  atm  N2-O2.  10  atm  He-02,  2.5 

atm  air,  or  2.5  atm  He.  During  the  experiments  the  O2  was  kept  at  150- 
4C0  mm  Ig.-  After  decompression  and  blood  analysis  of  the  embryos,  it 
was  found  that  10  atm  N2-O2  inhibited  viability  and  development  even 
though  100)^  of  the  eggs  were  fertile.  Ten  atm  He  did  not  prevent  partial 
development,  but  all  embryos  were  dead.  The  40%  of  the  embryos  which  had 
developed  were  alive.  13%  were  developed  but  dead.  13%  were  fertilized 
only,  and  14%  were  not  fertilized.  The  embryos  Incuhated  under  2.5  atm 
air  weighed  27.8%  less  than  controls  and  possessed  8.1%  greater  Hb,  20% 
graater  MCKbC,  and  26.4%  greater  MCHb.  At  2.5  atm  the  experiment  was 
Inconclub.. /e  in  assessing  nitrogen's  role  as  a growth  Inhlbltom,  as 
seen  at  10  and  2.5  atms. 

NEURAL  STUDIES 

Adult,  male  Sprague-Dawley  rats  were  divided  into  groups  of  10 
and  pretreated  dally  for  3 d with  drugs  known  to  alter  adrenergic  func- 
tion. Half  the  animals  were  exposed  to  OHP  (5  ATA  02-13  ATA  He)  for  30 
min.  The  rest  were  exposed  to  a mixture  of  20%  02-80%  He  at  1 ATA  for  30 
min.  Total  lung  water  contents  were  compared  following  experimental 
exposure.  Groups  pretreated  with  phentolamlne , reserpine,  and  a com- 
bination of  phentolamlne,  propranolol,  reserpine,  imlpramlne,  and 
tyramlne  had  significantly  less  lung  water  than  controls  following  OHP 
exposure.  Groups  pretreated  individually  with  tyramlne,  cocaine,  Imlpramlne, 
and  propranolol  showed  no  significant  reduction  in  lung  water  content 
following  OHP  exposure.  No  animals  exposed  experimentally  at  1 ATA 
showed  any  signs  of  pulmonary  damage.  It  is  concluded  thato^-adrenerglc 
blockade  and  peripheral  catecholamine  depletion  have  protective  value 
in  preventing  pulmonary  damage  during  OHP  exposure.  Changes  in  pulmonary 
capillary  hemodynamics  appear  to  be  a causal  factor  in  production  of  OHP- 
Induced  lung  damage. 

In  analyzing  the  effects  of  hyperbaric  helium-oxygen  on  alpha 
and  beta  adrenergic  receptors  of  rabbit  duodenum,  moreplnephrine  latency 
was  found  to  vary  directly  and  linearly  with  the  increase  in  pressure. 

This  relationship  is  described  by  the  equation  Y = 9.114  + .905x.  In- 
creasing pressure  had  no  significant  effect  upon  the  drug  Induced  change 
Ir  magnitude  of  smooth  muscle  contractions.  Pressure  does  not  effect  con- 
tractile depression  by  norepinephrine  or  phentolamlne.  Alpha  receptor  block- 
ade by  phentolamlne  was  optimal  at  10  ATA.  Beta  receptor  blockade  with 
propranolol  was  maximal  at  30  ATA. 

Adult  male  guinea  pigs  (900  ± 200  gm)  were  used  in  this  study. 

Each  animal  was  sacrificed  by  a sharp  blow  to  the  skull,  the  chest  rapidly 
opened,  and  the  aorta  cannulated  using  the  Langendorff  technique.  The 
coronary  system  was  perfused  with  Chenoweth's  solution  which  had  prev- 
iously been  equilibrated  with  a mixture  of  90%  02-10%  CO2  and  with  ambient 
gas  while  inside  the  hyperbaric  vessel.  The  heart  with  cannula  attached 
was  rapidly  transferred  to  an  Anderson-Craver  coronary  perfusion  apparatus 
which  had  been  modified  for  hyperbaric  exposure.  Teiiq>erature  of  the 
perfusate  was  maintained  at  40  1 2°  C throughout  the  experimental  pro- 
cedure and  was  continuously  monitored  by  a telethermometer.  Coronary 
effluent  was  returned  to  the  perfusate  reservoir  for  recirculation  by  means 
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of  a roller  pump.  Heart  rate  and  Isometric  contractile  force  were  measured 
with  a force  displacement  transducer  connected  by  a hook  to  the  apex  of 
the  heart.  The  rate  of  coronary  outflow  was  monitored  by  a drop  counter. 
Recordings  of  heart  contractions  and  coronary  outflow  were  made  with 
a Grass  Model  79  Polygraph. 

The  perfusion  apparatus  was  placed  inside  an  upright  hyperbaric 
vessel  capable  of  withstanding  internal  pressures  up  to  40  ATA.  The 
chamber  was  flushed  with  a 20Z  oxygen-80%  helium  gas  mixture  prior  to 
pressurization  with  helium.  Experimental  trials  were  performed  at  1 ATA, 

20  ATA,  and  40  ATA.  The  ambient  p02  was  maintained  within  the  physiologi- 
cal range  of  155  ± 10  mm  Hg,  as  determined  by  gas  chromatography. 

Norepinephrine  (5.0  x 10“^  gm) , Isoproterenol  (1.5  x 10"^  gm) , 
and  propranolol  (1.0  x 10”5  gm)  were  sequentially  injected  Into  the  coronary 
perfusion  system  by  remote  control.  Heart  rate.  Isometric  contractile  force, 
coronary  outflow  rate,  drug  latency,  and  duration  of  drug  response  were 
the  parameters  observed.  The  response  of  each  heart  to  the  pharmacological 
agents  was  studied  at  a single  pressure  level. 

Control  heart  rates  were  significantly  faster  at  both  20  ATA  and 
40  ATA  than  at  1 ATA,  Indicating  an  accentuation  of  sinus  nodal  discharge 
during  hyperbaric  exposure.  The  positive  Inotropic  response  which  followed 
administration  of  Isoproterenol  was  significantly  greater  at  1 ATA  than  at 
either  20  ATA  (p  - .05)  or  40  ATA  (p  ^ .01). 

In  addition,  a highly  significant  decrease  In  contractile  force 
(p  - .01)  below  1 ATA  values  was  noted  in  response  to  beta  adrenergic 
blockade  with  propranolol  at  40  ATA. 


Following  Infusion  of  Isoproterenol  during  beta  adrenergic  l^ockade, 
the  positive  Inotropic  response  at  40  ATA  was  significantly  less  (p  - .05) 
than  the  same  response  at  1 ATA. 


In  each  of  the  preceding  situations,  a statistical  conq)arlson  of 
control  recordings  at  the  three  pressure  levels  showed  the  same  differences 
as  the  drug-treated  groups.  Therefore,  the  direct  effect  of  hyperbaric  expo'- 
Sure  of  contractile  tension  development  In  Isolated  hearts  may  be  of  greater 
significance  than  the  combination  of  pressure  and  neuroeffector  drugs  In 
these  Instances. 


Nerve  and  muscle  compound  action  potentials  were  measured  In  the  frog 
sciatic  nervegastrocnemlus  muscle  preparation  In  a hyperbaric  hellum-alr 
environment.  Helium  pressure  to  60  ATA  Induced  a reversible  depression 
in  muscle  compound  action  potential  amplitude  without  significantly 
affecting  other  parameters.  Blockade  Induced  by  Tetraethylammonlum  while 
at  pressure  could  be  partially  reversed  upon  decompression.  A desenslt- 
Izatlon  type  of  neuromuscular  block  produced  at  pressure  following  Heostlgmlne 
Infusion  could  likewise  be  partially  reversed  upon  decompression,  ihese 
results  suggest  a possible  Involvement  of  the  acetylcholine  receptor 
complex  In  pressure  Induced  depression  of  synaptic  transmission. 
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DECOMPRESSION  STUDY 


A quantitative  and  predictable  approach  to  decompression  has  been 
tested.  Decompression  profiles  were  simulated  by  Continuous  System 
Modeling  Program  on  an  IBM  370  digital  computer.  The  gas  transfer  model 
consisted  of  seven  tissue  compartments  In  parallel  with  the  nature  of 
gas  movement  In  each  conpartment  described  by  a resistance-capacitance 
circuit.  Male  rats  and  male  guinea  pigs  were  subjected  to  saturation 
decompression  at  10,  11,  20,  21,  30,  31,  and  40  ATA  He-02.  A nomogram 
was  developed  which  yields  for  the  simulation  model,  appropriate  com- 
partmental-amblent  gas  differential  ratio  for  a given  animal  weight  and 
depth  of  dive.  The  bends-threshold  for  maximum-free  ascent  was  determined 
in  male  guinea  pigs  subjected  to  11,  21,  and  31  ATA. 

Complete  details  of  each  of  the  above  summarized  studies  can  be 
found  by  consulting  the  appropriate  reference  in  the  list  of  publications 
which  follows. 
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